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Introduction
Throughout history, traditional alcoholic beverages of each region or country have been produced since many of them are representative of the country of origin. A standard practice in most countries, which is required by law, is to specify how much alcohol (ethanol) is contained in an alcoholic beverage. This is typically done by displaying on the bottle label the percentage of alcohol by volume. Based on the type of beverage this percentage can range from 7% up to more than 50%. The key objective of such regulations is to maintain the quality of the beverage, but mainly to prevent harm to human beings due to alcohol intoxication. In the last decade, the adulteration of alcoholic beverages has been a common malpractice in order to increase the revenues of businesses dealing with their commercialization. Adulterated alcoholic beverages are legal alcoholic products that have been illicitly tampered with, for instance, by criminally diluting them with water, purposely putting them into new containers to conceal their true origin or adding toxic substances to manipulate the qualities of alcoholic beverages. Regardless of the quality degradation, the main issue is related to poisoning or death due to such malpractice. Ethanol has been widely used to manipulate alcoholic beverages and although the mortality associated with acute ethanol intoxication is rare, it can be an important factor when combined with other drugs. It is also directly responsible for more than half of traffic accidents. Meanwhile, ethylene glycol (EG) is used in the adulteration of alcoholic beverages as a solvent and antifreeze, and the toxicity is due to the accumulation of metabolites [1, 2] .
Among the variety of commercial alcoholic beverages, rum is the most consumed worldwide [3] , which makes it an easy target for adulteration. In México, for instance, six out of ten bottles are either adulterated or counterfeited with ethanol and EG. As a result, instruments that can accurately detect contaminants in alcoholic beverages are highly desirable. Electronic methods have been previously proposed to recognize and detect impurities in alcoholic beverages [4] [5] [6] . Although these electronic sensors have efficient results for the measurement of liquid impurities, they may be sensitive to electromagnetic interference, expensive, and unsuitable for remote operation. Optical technologies on the other hand are well suited for this task. Raman spectrometry [7] , Fourier transform (FT) near infrared and Raman spectrometries [8] , NIR Raman analysis [9] , and gas-chromatography methods [10] has been also used to detect the presence of methanol and ethanol dissolved in alcohol beverages. For instance similar methods have been applied to detect adulteration in tequilas [11, 12] . The main issue with such techniques is that the equipment is very expensive. Other technique based on surface plasmon resonance (SPR) [13] has been also reported. However, the system tends to be bulky and susceptible to external disturbances that can misalign the system. A simple alternative that could offer high sensitivity, immunity to electromagnetic interference, reduced size, high resolution, low cost, and the possibility for multiplexed operation is based in optical fiber sensors. Some approaches have been investigated using optofluidic Bragg fiber array [14] [18] attached to the optical fiber. However, the main inconvenient in these systems is the need for special preparation of the fiber or the deposition of a sensitive material. A fiber sensor that can be suited for the detection of adulterated alcoholic beverages is the one based on multimode interference (MMI) effects. MMI devices can be very sensitive to RI changes of liquids [19] [20] [21] and, since this a parameter that is modified when ethanol or EG is added to an alcoholic beverage, they are well suited for this work. In this work we demonstrate the application of a MMI fiber sensor as a tool to monitor the adulteration of rum with another liquid, which is typically performed using either ethanol or ethylene glycol. Although the sensor cannot determine which kind of liquid is altering the rum, it can easily detect when the original rum has been adulterated, even with small amounts of liquid. The sensor can be operated by following either spectral shifts or intensity changes as long as external intensity fluctuations are removed from the experimental setup. The advantages of the sensor are that its fabrication is straightforward, and exhibits great reproducibility and reversibility, with no significant interference against temperature or humidity.
Principle of operation
A shown in Fig. 1 , a MMI fiber structure is fabricated by just splicing a section of multimode fiber (MMF) between two single mode fibers (SMF). When an optical signal is launched into the MMF it excites all the supported modes of the MMF, and as the modes propagate along the MMF their interference gives rise to an interference carpet that is highly dependent with the phase relationship between the modes. At certain lengths, where the phase difference is a multiple of 2π, we have the formation of selfimages which are an exact replica of the input field. Therefore, by carefully selecting the length of the MMF, light coupled trough the input SMF will be imaged with small losses to the output SMF.
The MMF length at which the self-images occur, for a particular wavelength, can be calculated using the following equation the self-images are periodically formed along the MMF segment. However, as shown in Fig. 2(a) , we are interested in every fourth self-image since they have minimum losses as compared to other images. The self-images with higher losses are correlated with bigger phase errors between the propagating modes as compared to the required phase difference of 2π to reproduce the input field, and thus the intensity of the selfimage is reduced. After the MMF is cleaved at the length dictated by Eq. (1), light with wavelength will be transmitted with minimum loss through the MMI structure. However, when the devices are detuned from this design wavelength, the image will be formed either before or after the facet of the output SMF and the transmitted intensity will have higher losses. Therefore, the response of the MMI sensor under a wide spectrum source will be similar to a band-pass filter as shown in Fig. 2(b) . According to Eq. (1), by modifying the effective refractive index and diameter of the MMF the MMI peak wavelength can be spectrally shifted. In order to make the MMF sensitive to external perturbations we use a special MMF know as Nocore fiber (NC-MMF), which is basically a MMF without cladding (i.e. the cladding is air). Therefore, when the NC-MMF is immersed in a liquid, the effective refractive index and diameter of the NC-MMF will be modified and the spectral shift can be used to determine the refractive index of the liquid.
Experimental procedure
The NC-MMF used in our experiments is provided by Prime Optical Fiber Corporation. Prior to fabricating the MMI sensor we need to obtain the exact length of the NC-MMF that will provide the desired MMI peak wavelength. The length of the NC-MMF is calculated using Eq. (1) for a wavelength of 1550 nm. The effective RI and diameter correspond to values of 1.444 and =125 µm. Using these values in Eq. (1), for the case of the fourth selfimage , we obtain a length of 58.22 mm for the NC-MMF. The MMI sensor is fabricating by first splicing the NC-MMF to a SMF using standard splicing procedures. It is important to mention that the polymer cladding around the NC-MMF is entirely removed. In fact, after mechanically stripping the polymer, the NC-MMF is immersed in acetone to eliminate any residue. Using a micrometer, we can then control the length of the NC-MMF to be cleaved with a length of 58.22 mm. After cleaving, this end is splicing to the output SMF and the MMI sensor is ready for testing. The experimental setup for testing the MMI sensors is shown in Fig. 3 . The broadband optical source was a superluminescent diode (SLD) centered at 1550 nm. The SLD is connected to the input SMF of the device, and the output SMF is then connected to an optical spectrum analyzer (OSA) Anritsu MS9740A to capture the transmitted spectrum. The SLD was operated using current and temperature controllers, Thorlabs LDC220C and TED200C respectively, in order to avoid intensity fluctuations from the optical source. Sharp radius of curvature were also eliminated and the remaining fiber was fixed to the optical table to prevent intensity variations from the optical fiber itself.
As shown in Fig. 3 the sensor was fixed in a channel which was then covered to form small chamber. The chamber included input and output plastic tubes to facilitate insertion and removal of the liquids. We should also mention that when an MMI device is bent the MMI spectral response could be also shifted [22] . However, such effect is observed for small radius of curvature (i.e. large bending) which is not the case in our experimental setup. Nevertheless, in the case of intensity measurements, the MMI sensor is tensioned using a weight of 25 gr to minimize any bending due to surface tension in the channel. In the case of spectral measurements a weight of 5 gr is used, which guarantees that no spectral shifts are observed regardless of slight intensity variations, while maintaining the fiber with small tension. In addition, since both optical fibers and liquids are sensitive to temperature, the measurements were performed at a controlled temperature of 25°C.
Regarding the rum used in our experiments, although we have a wide range of brands available in the market, we selected Bacardi® White Rum (750 ml bottle) because it is well known worldwide. A certified rum was used in order to guarantee that it was not adulterated prior to our experiments, and the percentage of alcohol by volume was 40% as indicated in the rum label. We should also mention that in the market we can also find other rum presentations ranging from 375 ml, 750 ml, 980 ml, 1750 ml, 2000 ml, and 3 liters, all of them having 40% of alcohol by volume. However, changes on the optical properties of the rum due to the presentation are not expected as long as they belong to the same batch. In the case of different production batches, slight changes could be expected due to slight fluctuation during the fabrication processes.
The response of a MMI sensor immersed in liquids with different refractive indexes was evaluated to obtain the sensitivity of the sensor. The MMI sensor was designed and fabricated as detailed in section 2. Mixtures of water and glycerin were prepared at different proportions to obtain a range of liquids with refractive indexes ranging from 1.318 (100% Water) to 1.4203 (30% water/70% glycerin) [23, 24] . As shown in Fig. 4(a) , the peak wavelength is red shifted as the RI of the liquid is being increased. Since both effective RI and diameter of the NC-MMF are being altered, the quadratic behavior means that the diameter is the dominating factor since it has a square dependence. Since adulteration of rum will basically modify the RI of the rum, the sensor is well suited for such application. A sensitivity of 258.06 nm/RIU can be estimated from Fig. 4(a) . This device is also used to obtain the RI of rum, anhydrous ethanol, and ethylene glycol. This is performed by correlating the MMI peak wavelength shift that is experimentally observed with their corresponding refractive index obtained in Fig.  4(a) , and their values are shown below.
The spectral response of the MMI sensor for the liquids involved in our experiments are shown in Fig. 4(b) . As shown in Fig. 4(b) [black line] the peak wavelength in air is at 1552.3 nm which is very close to the design wavelength of 1550 nm. The difference can be attributed to slight differences in RI and diameter, as well as to the errors in the NC-MMF length due to our cleaving stage. Nevertheless, MMI devices fabricated afterwards exhibit the same peak wavelength and the error can be easily eliminated. When a sample of rum ( 1.345, 1550 nm, 25°C) is inserted in the channel we can observe a wavelength shift of 12.67 nm, with the peak wavelength at 1564.9 nm. This peak wavelength is our reference when the rum has not been adulterated. When the sensor is exposed to anhydrous ethanol ( 1.3464, 1550 nm, 25°C) provided by SigmaAldrich®, the MMI peak wavelength is shifted to 1566.7 nm. Although the shift is relatively small (~1.8 nm) it can be easily resolved by the OSA. The largest wavelength shift is observed when EG ( 1.412, 1550 nm, 25°C) provided by Sigma-Aldrich® is covering the sensor and exhibiting a wavelength shift of 25.5 nm. Based on these results we should be able to identify when a rum sample has been adulterated, by comparing the measured peak to our pure rum reference. As we highlighted before, although the sensor does not determine if the liquid is anhydrous ethanol or EG, it is capable of resolving if the original rum has been altered even for small amounts of liquid. We should highlight that we are using anhydrous ethanol, rather than standard ethanol, because ethanol has a tendency to adsorb water and this can alter his RI value. We should notice that, in principle, the peak intensity should increase as the RI is being increased due to the reduction of scattering losses. In our case, we believe that the signal is reduced due to a small bending of the fiber which does not affect the peak wavelength at all.
Results and discussion
The simplest way to adulterate rum is adding certain amounts of ethanol since industrial ethanol is relatively inexpensive. We prepared solutions of rum with different volumes of anhydrous ethanol. The starting point is 10 ml of pure rum, and we replace certain volumes with anhydrous ethanol. As shown in Fig. 5(a) , as the volume of anhydrous ethanol is increased the spectral response is shifted to longer wavelengths. Although this shift is relatively small (~1.5 nm), it provides a clear indication that the rum has been adulterated as compared to pure rum. Despite the fact that this shift is easily resolved by the OSA, a simpler way to measure this small shift is by monitoring intensity changes at one of the steepest walls of the spectrum. In order to avoid intensity fluctuations we applied enough tension to the device to keep the fiber straight during liquid insertion and removal. As shown in Fig. 5(a) , we have two options to measure intensity changes, for instance, we tracked the intensity changes at 1570 nm by using the spectrums obtained from the OSA and the results are shown in Fig. 5(b) . We can observe that the contamination with ethanol can be clearly identified and the response is quite linear. The advantage of this approach is that we eliminate the need of an OSA and can operate with a single diode laser and a photo-detector.
The use of EG as an adulterant has also been detected in different alcoholic beverages. In fact, in 1985 there was a well-known case in Europe due to the adulteration of Italian and German wines with EG. Based on the large spectral shift between rum and EG shown in Fig. 4 , we should be able to detect quite easily small quantities of EG in rum. Taking 10 ml of rum as the starting volume, we prepared different solutions where the EG was increased in volumes of 1 ml while the same amount of rum was reduced. As shown in Fig. 6 , a spectral shift of 1.3 nm is easily observed even for 1 ml of EG, while an absolute wavelength shift of 7.7 nm is observed when the volume of rum has been replaced with EG by 50%. As mentioned before, the intensity variations that we observe in Fig. 6 are related to slight movement (bending) of the NC-MMF, which can be solved by applying more tension to the fiber when it is glued to the channel. A similar approach to follow intensity changes can be also applied as long as such external intensity variations are eliminated as explained before.
It is well known that the sensitivity of MMI sensors can be increased by reducing the diameter of the NC-MMF [21] . According to Eq.
(1), if the diameter of the NC-MMF is reduced then its length has to be reduced to obtain the same MMI peak wavelength. Therefore, using Eq.
(1) we can calculate the required NC-MMF length for a diameter of 80 µm and peak wavelength of 1552.5 nm, which result in a NC-MMF length of 23.81 mm. A second MMI sensor with a NC-MMF length of 23.81 nm was fabricated and the diameter of the NC-MMF was reduced by immersing the fiber in buffered oxide etching (BOE) solution, which is a mixture of hydrofluoric acid and ammonium fluoride as the buffer agent. Since the etching rate is relatively slow (~130 nm/min), we can monitor the transmitted spectrum in real time. After a total time 170 min we can observe that the MMI peak wavelength is at 1552.5 nm. The new MMI sensor with reduced diameter was tested again for the rum, anhydrous ethanol, and EG. As shown in Fig. 7 , the peak wavelength shift is increased for all the liquids, but is more significant as the RI of the liquid is higher. In particular, we can notice that the peak wavelength separation between rum and anhydrous ethanol is increased to 3.7 nm. The main issue when the NC-MMF diameter is reduced is related to the fact that the band-pass response gets broader, which makes more difficult to identify the exact peak of the bandpass response and imposes a limit in the final diameter that can be reduced. Therefore, for small spectral shift intensity changes are better, while for large shifts spectral works better. 
Conclusions
We demonstrated the application of a MMI fiber as a tool for monitoring the quality control of rum. The sensor can detect the adulteration of rum due to presence of ethylene glycol and anhydrous ethanol. The sensor can be spectrally or intensity operated as long as external intensity fluctuations are removed from the experimental setup. The advantages of the sensor are that its fabrication is straightforward, and exhibits great reproducibility and reversibility, with no significant interference against temperature or humidity. We also explored the feasibility of enhancing the sensor response by reducing the diameter of the NC-MMF.
